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Experimental demonstration of performance of a vertical axis marine current turbine in a river An experimental station for marine current power has been installed in a river. The station comprises a vertical axis turbine with a direct-driven permanent magnet synchronous generator. In measurements of steady-state operation in varying flow conditions, performance comparable to that of turbines designed for significantly higher flow speeds is achieved, demonstrating the viability of electricity generation in low speed (below 1.5 m/s) marine currents. The world's oceans contain a vast energy resource. In particular, wave and marine current power are predicted to provide significant amounts of renewable electricity.
1,2 Several marine current power research projects are underway world-wide, commercial as well as academic.
3,4
Much work has been or is being done on scale-model experiments and numerical modeling, [5] [6] [7] [8] and investigations have been and are being performed outside the laboratories as well. 9, 10 The water flow speed at a potential marine current power site is an important factor in determining the possible energy yield from the site. While recent resource assessments include sites with flow speeds as low as 1 m/s (Refs. 11 and 12) or even 0.8 m/s, 13 most full-size, realworld marine current power projects are commercial undertakings which typically focus on sites with significantly higher flow speeds. 4 There appears, then, to be a technological gap to fill, so that low-speed sites may be exploited. If the threshold speed-above which exploitation of a site is meaningful-can be lowered, more sites become available as potential marine current power sites and the exploitable resource world-wide increase.
The Division of Electricity at Uppsala University has been involved in ocean energy research for many years, always with a strong experimental component. After initial laboratory investigations, 14 the first full-scale prototype of a wave energy converter was installed offshore in 2006. 15, 16 On the marine current side, focus has always been on slow currents. A prototype permanent magnet synchronous generator was completed and tested in the laboratory. 17, 18 Based on this and other work, 19, 20 work on a full-scale experimental station was commenced. The turbine was deployed in the river Dal€ alven at S€ oderfors in 2013. 21 An illustration of the turbine and generator is shown in Fig. 1 . The turbine is 6 m in diameter and has 5 fixed-pitch blades, 3.5 m in length. The hydrofoil profile is NACA0021 with a 0.18 m chord length. The generator is a direct-driven permanent magnet synchronous generator with 112 poles. Rated power is 7.5 kW at 15 rpm in 1.4 m/s water flow. The location is in a regulated river in the constructed outlet channel of a conventional hydro power plant, some 800 m downstream of the draft tube. This ensures a comparatively smooth geometry of the river bed as well as knowledge of current discharge levels through cooperation with the power plant operator. At the site, the river is 7 m deep and the flow speed typically varies from less than 0. 
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Reuse of AIP Publishing content is subject to the terms: https://publishing.aip.org/authors/rights-and-permissions. Downloaded to IP: 130.238.198.233 On: Thu, 08 Dec the river bed 2-3 turbine diameters upstream and downstream of the turbine, used for monitoring the flow speed before and after the turbine. A small cabin on shore houses the control system, starting circuit, dump load, and further measurement equipment. Details of the experimental station in general and of the generator in particular, can be found in Refs. 22-24. To describe the performance of a turbine, the power coefficient C P is often used. It is defined as
where P t is the power captured by the turbine from the water flow and P 0 is the power available in the water flowing through the turbine projected cross-section in undisturbed flow, defined as
where q is the water mass density, A t is the turbine cross-sectional area projected in the direction of flow, and u is the water flow speed. Captured power is a function of water speed and turbine angular velocity x, non-dimensionalised as the tip speed ratio,
where R is the turbine radius. The power coefficient is usually given as a function of the tip speed ratio, C P ¼ C P (k).
To estimate the power coefficient curve of the S€ oderfors turbine, output power was measured during steady operation with a fixed resistive AC-connected load. By connecting a fixed load, any losses associated with control systems are avoided. On the other hand, water speed is never entirely constant due to turbulence and other variations, so time-averaged values had to be taken.
During measurements, the voltage and current of the dump load were sampled at a rate of 2000 Hz and used for determining the power dissipated in the load. By identifying consecutive zero crossings of the voltage signal, the electrical frequency could be deduced and thence the rotational speed of the generator and turbine. The ADCPs collected readings once in every 3.6 s from 17 measurement bins at 0.25 m intervals. A cubic mean speed was computed over those 
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Reuse of AIP Publishing content is subject to the terms: https://publishing.aip.org/authors/rights-and-permissions. Downloaded to IP: 130.238.198.233 On: Thu, 08 Dec measurement bins covering the height of the turbine, and this mean speed value from the upstream instrument was taken as the undisturbed water flow speed. The turbine was operated with various loads in different water speeds in the interval 1.2-1.4 m/s. Each run lasted for more than 30 min, and time-mean values for rotational speed, water speed, and output power were computed. To obtain the power P t captured by the turbine, electrical and mechanical power losses were calculated through known parameters of the conversion unit (the efficiency of the generator is discussed in Ref. 24 , and frictional losses in bearings and seals were measured before the unit was deployed). The corresponding power coefficients were then computed. Fig. 2 shows examples of two measurement runs at a nominal flow speed. The load is 2.75 X per phase in the first run and 3.35 X per phase in the second run. The top subplot in Fig. 2(a) shows the water speed monitored by both the ADCPs (cubic mean speed over the turbine as described above). The downstream instrument shows the wake speed, which goes down when the turbine is operated, slightly more so during the second run when the turbine rotates a little faster. The wake may be expected to be fully developed within approximately 1 min from the turbine start. Rotational speed in rpm is shown in subplot (b) and output power in subplot (c).
The distinct power spike at the beginning of runs is due to the mode the load is connected. There is a short time span (<1 s) during startup when the turbine spins free, after the starting 
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Reuse of AIP Publishing content is subject to the terms: https://publishing.aip.org/authors/rights-and-permissions. Downloaded to IP: 130.238.198.233 On: Thu, 08 Dec circuit is disconnected but before the load is connected. During this time, power captured by the turbine does not leave the rotating system but instead contributes to the rotational energy and thereby the rotational speed. This causes a small spike in a rotational speed at the beginning of runs, most clearly visible in the first run. The extra rotational energy is quickly dissipated in the load once it is connected, in turn causing the very high output power spike, clearly visible for both runs. The mean values (marked in the plot by dashed lines) are calculated beginning 2 min into each run, when any transients have dissipated and a wake has had time to build up downstream of the turbine, and so the spikes will not influence the obtained power coefficients.
The tip speed ratios during the two runs are 3.4 and 3.6, respectively. From Fig. 2 , it is clear that a lower resistance in the load (first run) results in a slower rotation of the turbine and also a higher output power. This is due to both runs being at a higher than optimal tip speed ratio. In this region, the power coefficient decreases with increasing rotational speed and tip speed ratio. The power coefficient was 0.26 during the first run and 0.24 during the second run.
Power coefficients from 21 measurement runs are plotted in Fig. 3 . According to momentum theory, 25 the driving hydrodynamic torque of a turbine is proportional to flow speed and angular velocity. Hydrodynamic drag causes a torque loss proportional to the angular velocity squared. Power is torque times angular velocity. By these observations and the definitions of power coefficient and tip speed ratio given above, the power coefficient can be estimated as
where k 1 and k 2 are constants associated with hydrodynamic driving torque and hydrodynamic drag. Based on this assumption, Fig. 3 includes a fitted C P curve where k 1 and k 2 have been determined through least-squares minimization. According to the curve fit, maximum C P is 0.26 and occurs at the tip speed ratio k opt ¼ 3.1.
To put this C P figure into perspective, some published results are briefly reviewed. Klaptocz et al. 
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Looking again at the results for the S€ oderfors turbine, it is clear that the efficiency of this turbine operating in flow speeds below 1.5 m/s is essentially the same as that of scale model turbines tested (or simulated) at similar speeds. More interesting, however, is the observation that full-scale turbines designed for considerably higher flow speeds also exhibit power coefficient values in the same region. Thus, the performance of the S€ oderfors turbine demonstrates the viability of significantly lowering the threshold flow speed for marine current electricity generation.
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